Abstract.-Macroinvertebrate organisms were sampled at four sites on Tecate Creek (U.S.-Mexico) and quantitatively evaluated using the SIGNAL-w (Stream Invertebrate Grade Number-Average Level-weighted) index. A morphological assessment of the stream structure was also carried out. Bioindication by SIGNAL reflected a very low water quality in the upper three sampled stream reaches, but with a significant improvement by the last site on the Rio Alamar, but only to a grade of critical to high pollution over a flowing distance of 29 km. Levels of BOD and ammonium-N at the Rio Alamar (Toll Bridge) site remained quite high, 56 mg/L and 48 mg/L, respectively. Metal levels also generally decreased as the water flowed downstream to the the Rio Alamar. Despite the fact that Tecate Creek has a quite natural morphological structure, solid inorganic surfaces and aquatic macrophytes (as settlement area) are mostly absent in Tecate Creek. This lack of stable habitats prevents the development of an effective biofilm which would significantly enhance self-purification.
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The Tijuana River Watershed (TRW) is a binational watershed on the U.S.-Mexico border, encompassing much of the cities of Tijuana and Tecate in Mexico and portions of the City and County of San Diego in the U.S. The basin contains three surface water reservoirs, various flood control works, and a National Estuarine Sanctuary in the U.S. which is home to several endangered species. For decades, raw and poorly treated sewage from the cities of Tijuana and Tecate, Mexico has flowed into the Tijuana River and across the international border into the United States. Pollution in Mexico has been caused by rapid population growth and urbanization, poor land-use practices, and inadequate sewage treatment and collection facilities in the watershed (Ganster 1996) . A fast growing aspect of industry near the border has been the ''maquiladoras.'' The term ''maquiladora'' refers to an industry established under a special customs allowance, mostly non-Mexican operations to establish manufacturing plants in Mexico that are allowd to import duty-free raw materials, equipment machinery, and replacement parts (Turner et al. 2003) . The maquiladora industry, fueled primarily by foreign investment, has grown faster than the capability of the municipality to deliver services to them. Moreover, the lack of pollution prevention measures for industry and other businesses in Mexico, coupled with a deficiency in proper enforcement of existing regulations, has generated pollution that contaminates the tributaries of the Tijuana River and ultimately the Pacific Ocean.
The city of Tecate, Mexico is located in the eastern section of the Tijuana River watershed (Figure 1 ). In 2000, the population of Tecate was nearly 80,000 persons, with this number expected to increase to around 150,000 by the year 2020 (INEGI 2000) . In urban Tecate, major point sources of pollution to Tecate Creek include the discharge of poorly treated sewage from the Tecate Municipal Plant, the discharge of high BOD-containing waters from the Tecate Brewery, and effluent discharge from a maquiladora complex which includes a large metal-working industry and the effluent from a slaughterhouse. Due to these discharges, flow in Tecate Creek occurs throughout the year, even during the summer dry season when the stream would naturally have little or no flow. Downstream, Tecate Creek joins Cottonwood Creek in the U.S. to form the Rio Alamar (Figure 1 ), which eventually joins the Rio de las Palmas in Mexico to form the Tijuana River. Due to the major point sources of pollution mentioned above, as well as typical urban non-point sources, Tecate Creek may account for a significant part of the loading of a variety of pollutants to the downstream Tijuana River watershed and the Tijuana River Estuarine Research Reserve in the U.S. (Englert et al. 1999; Gersberg et al. 2000; Gersberg et al. 2002) .
The purpose of this study was to measure the degree of contamination in Tecate Creek, and the extent to which these contaminants, including heavy metals, organic pollution (BOD and COD), nutrients (N and P), and fecal indicator bacteria, are reduced by self-purification downstream. An additional aim was to perform an integrated biological assessment of Tecate Creek to determine the effects of such pollution on the ecological development potential in this stream. Our overall ecomorphological investigations also allowed an examination of the potential of this stream for restoration efforts that could improve water quality in the Tijuana River watershed.
Materials and Methods

Chemical and Microbiological Assessment
In January and February 2002, water samples were taken four times from five sites on Tecate Creek and the upper Rio Alamar. The sites were: WTP 2 (downstream of the Tecate Municipal Wastewater Treatment Plant), Tecate, Marron Valley, Big Pipe, and Toll Bridge on the Rio Alamar (Figure 1 ). Sampling was done at each site over a period of one hour, where each sample represented a composite sample of 6 grab samples taken every 10 minutes. Samples were analyzed for dissolved oxygen (DO), biochemical oxygen demand (BOD), chemical oxygen demand (COD), the heavy metals cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn), the plant nutrients (nitrogen and phosphorus), and total and fecal coliform bacteria. At an additional site (designated WTP 1, upstream of Tecate Municipal Wastewater Treatment Plant) samples were only analyzed for metals. To be sure that our samples approximate the same parcel of water as it moved downstream, the ''flowing-wave''-method (Heidenwag et al. 2001) was used. This method involved measuring average flow velocities (Global FP201 Flow Probe) at each of the sites, calculating the average time of flow downstream to each site, and timing the sampling at successive sites to correspond with the flow of water.
Samples were analyzed according to the Standard Methods for the Examination of Water and Wastewater (APHA 1995) . Chemical oxygen demand (COD) which reflects the level of organic carbon, was measured by the reactor digestion method. Biological oxygen demand (BOD) which reflects the level of assimilable organic carbon, was estimated by the 5-day BOD incubation test. The plant nutrients nitrogen and phosphorus were measured by colorimetric methods. Nitrate was analyzed by the cadmium reduction method. Ammonium was measured by the nesslerization method. Phosphorus was measured by the ascorbic acid method. Total coliforms and fecal coliforms were counted according to the most-probablenumber method (MPN). For metals analysis, water samples were filtered using cellulose acetate membrane filters (0.45 m-pore-diameter). Filtrates were acidified to pH 2 with concentrated nitric acid and used directly for Cd, Cr, Cu, Ni, and Pb dissolved metal analysis (APHA 1995) . This analysis was performed using a Perkin-Elmer (SIMMA 6000) Graphite Furnace Atomic Absorption Spectrometer (AAS). Zn was analyzed by flame atomic absorption spectrometry using a Buck Scientific flame atomic absorption spectrophotometer (Model 210 VGP). For particulate metal analyses, filters were digested using concentrated nitric acid (APHA 1995) . QA/QC included the use of reagent blanks, duplicate samples, recovery of standard concentration, and calibration of standards. Mean percent variation among the duplicates for all metals tested ranged from 2.3%-15.9%. Mean (n ϭ 3) sample recoveries from a trace element calibration standard (2709 San Joaquin soil, National Institute of Standards and Technology) ranged from 94.4 to 101.0% for all of the metals tested. Self purification performance was calculated by dividing the pollutant concentration difference (mg/L) or bacterial density (MPN/I00 mL) difference at the first (upstream) and last sampling sites by the flowing distance (km) between them.
Hydrobiological Evaluation
Between October and December 1999, from July till September 2000, and from November 2001 to January 2002, macroinvertebrate organisms were sampled altogether three times in four 100 meter reaches (WTP 2, Tecate, Marron Valley (U.S.), Toll Bridge; see Figure 1 ) always over a period of one hour. Thereby, all biotope structures (bottom substrate, aquatic plants) were sampled by means of a handnet with a mesh size of 0.5 mm. The organisms were fixed in ethanol (70%) and estimated according to Merrit and Cummins (1996) . Biotic Index according to Chessman (1995) was calculated. This calculation is based on the fact that numerous families of macroinvertebrates that are widespread in river systems nearly all over the earth have been awarded sensitivity grades according to their tolerance or intolerance of common types of pollutants as summarized by Chessman (1995) . However, in some cases the grades are necessarily a compromise, either because of variation in the sensitivities of species within a family or because some families are sensitive to certain types of pollutants but relatively tolerant to others (Chessman 1995) . The index SIGNAL-w (Stream Invertebrate Grade Number-Average Level, weighted by the occurrence) was calculated by multiplicating the grade of each family present by the value to represent its occurrence level (e.g. 1 for only 1 individual, 7 for mass development), summing the products, and dividing by the sum of the occurrence values.
Ecomorphological Assessment
Using the methods of ecomorphological mapping according to Lüderitz et al. (1996) and Heidenwag et al. (2001) , the 29 km of the streamcourse of Tecate Creek (and the upper section of the Rio Alamar) were mapped and evaluated in 9 reaches shown in Figure 1 .
The following main parameters were registered:
-stream course development -lengthwise profile -crosswise profile -bottom structure -bank structure -structure of surroundings These 6 main parameters are joined by 27 single parameters; an overview is given in Table 1 . The quality of ecomorphology is evaluated by 7 classes of structure grade: 
Results
Tecate Creek has quite natural morphological structures, almost without typical problems like lining, straightening, and bank paving (Table 1) . Expressed as a meander valley river and braided system, it shows a flat type of profile with a natural course with meanders and lengthwise banks, as well as a relatively high current diversity and depth variation. It generally has natural bank vegetation consisting of loose trees and shrubs. There are no dams or backwaters (and few culverts) on Tecate Creek. Downstream of Tecate, there are no adverse structures or any intensive landuses (Table 2) . Indeed, downstream of urban Tecate, 90% of the land area that drains into Tecate Creek or the upper Alamar River, is either undeveloped or open grazable land, with industrial, commercial, and residential land uses (combined) only comprising less than 2% of the area (Table 2) (Tijuana River Watershed GIS database 2000) . This data supports our visual observation that there are no major pollutant sources downstream of urban Tecate that would confound our analysis of self-purification efficiencies.
On the other hand, the substrate of Tecate Creek is very uniform (gravel partially filled with sewage sludges) and the river is oversaturated with these sediments (braided system). Solid surfaces are very rare, and biofilms that play an outstanding role in self-purification can develop only poorly due to this fact, and because of the friction between sediment particles which leads to a lack of stable habitats. Microscopic observation showed that very thin biofilms formed by filamentous bacteria and algae only existed on about 10% of the gravel surface.
Bioindication by SIGNAL-w reflects a very low water quality with index values of 1.5 to 2.1 in the upper three sampled stream reaches at WTP 2, Tecate, Marron Valley (Table 3) . By the last site (Toll Bridge) on the Rio Alamar, there was significant improvement, but even here the index value of 3.1 represented a system still critically polluted (Table 3) . Macroinvertebrate settlement at all sites is dominated by those Diptera larvae and Tubificidae which do not demand a high water quality; their high abundances indicate a polysaprobic status (i.e. a very high organic load).
Sampling for this study was all conducted under dry weather (baseflow) conditions when Tecate Creek was polluted to a very high degree with organic substances, plant nutrients, heavy metals, and fecal indicator bacteria (Table 4 , Figures 2-7) . With regard to self-purification, we found only a poor performance concerning organic substances and nutrients. Over a distance of 29 km (from site WTP 2 to the Toll Bridge on the Rio Alamar), BOD decreased only by 53% (2.14 mg/L km), COD by 84% (14.31 mg/L km), ammonium by only 4% (0.07 mg/L km), and total P by 51% (0.32 mg/L km). However, even this modest reduction of the organic and nutrient loads could be responsible for the appearance of some higher-demanding macroinvertebrate organisms especially at the last site on the Rio Alamar (Table 3) .
Nitrification seems to be nearly totally absent, probably because of the high organic carbon levels in the water which leads to the dominance of heterotrophic bacteria and suppresses the development of nitrifying organisms (Table 4) . Meanwhile, the decrease of total coliform densities remains moderate, with an 87% (110 ϫ 10 3 MPN/100 mL km) removal efficiency; while fecal coliforms are reduced (69 ϫ 10 3 MPN/100 mL km) with a rather high efficiency of 99.7%. For most metals, there was a significant loss of the particulate (as well as the dissolved) fraction, as the water moved downstream in Tecate Creek to the Rio Alamar (Figures 2-3) . Surprisingly, for Cu, Cr, and Ni, the highest levels observed among all of the sampled sites was actually at WTP1 (this site upstream of the discharge point for the Tecate Municipal Wastewater Treatment Plant), where levels of these metals were 98, 345, and 518 g/L, respectively. It should be noted here that this site (WTP1) lies just downstream of the point source discharge of water from a maquiladora (industrial) complex which includes a rather large metal-working facility. On three separate occasions in 2002, we sampled both upstream and downstream of the Wastewater Treatment Plant at WTP1 and WTP 2, respectively, and on one occasion, upstream and downstream of this specific maquiladora discharge point to Tecate Creek. The results of these analyses showed that the discharge from this industrial complex was a significant contributor to Tecate Creek's downstream metal contamination, and explained why observed levels were actually higher upstream of the Tecate Wastewater Treatment Plant for many of the metals we measured. Metal levels then generally decreased as the water moved downstream to the Toll Bridge site on the Rio Alamar, with total metal reduction efficiencies at the Toll Bridge (compared with WTP 2 upstream of the city of Tecate) of 71% for Cu, 60% for Cr, 76% for Pb, 40% for Ni, and 54% for Zn (Figures 2-3 ).
Discussion
Self-purification is a process which may allow the preservation of the ecological balance in a stream despite the presence of municipal sewage discharges upstream. It provides a unique set of advantages to clean-up polluted water streams: It acts very fast, does not require any chemical additions, acts instantly at the whole body of water at the site, works all the year around and can result in substantial decrease in contaminants concentration (Spellman 1996) . Self-purification can be described as the sum of all physical, chemical, and biological processes by which the quantity of pollution in a stream is decreased. This self-purification results from mineralization of organic substances, nitrification-denitrification, sedimentation, and assimilation, as well as from dilution and mixing processes (Heidenwag et al. 2001) .
Tecate Creek is excessively polluted with organic substances, plant nutrients, and fecal indicator bacteria because it receives the discharge of poorly-treated municipal sewage, brewery effluent, and industrial effluents containing heavy metals. The SIGNAL-w index (based on the occurrence of macroinvertebrate species) indicates an improvement from a grade of excessively polluted to only a grade of critically polluted over a flowing distance of 29 km to the downstream Rio Alamar site at Toll Bridge (Table 3) , and this is confirmed by the results of chemical analyses (Table 4) . Excessive pollution in this case, allows only the survival of the most tolerant macroinvertebrate species (most of them Diptera), while under conditions of critical pollution, more demanding organisms (e.g. Coleoptera, Odonata) can exist at least seasonally.
At first glance, this poor self-purification seems to be surprising because of a more or lesser natural stream morphology, relative good oxygen supply, and high water temperatures which should stimulate metabolism of bacteria. It should be noted here that temperature effects on self-purification were not investigated here, since other seasonal effects (e.g. flow rate, sunlight) complicate such an analysis. In a former study about Harz mountain streams in Germany (Heidenwag et al. 2001) , we were able to show that self-purification concerning ammonium, phosphorus, organic substances, and bacteria can reach a rate up to 80% over a distance of only 2 or 3 kilometers in case of a natural stream morphology. Purification rates measured (118 mg/L km for COD; 45 mg/L km for BOD 5 ; 14 mg/L km for ammonia; 1.9 mg/L km for phosphorus) were one order of magnitude higher than in case of the Tecate Creek/Rio Alamar rates. However, these rates were only attained by a stream with a good ecomorphological structure, providing a high number of stable habitats with well developed biofilms, that contain aerobic layers for degradation of organic substances and nitrification (and also anaerobic layers for denitrification). Mikhailovski and Fisenko (2000) found under such conditions a still more rapid self-purification of a stream in the Toronto area. Unfortunately, rates for self-purification of streams in the southwestern United States have not been reported, since in this region sewage discharged to streams and rivers is at least secondary quality (and usually tertiary treated). Horn (1992) and Horn and Hempel (1996) , emphasize the outstanding role of biofilms in self-purification and especially in nitrification and denitrification. For this, bottom structure is the determining factor. Frey (2001) found that an increase of roughness leads to the strongest impacts on reduction rates and oxygen supply caused by the increment of flow duration and substrate surface for degradative and nitrifying bacteria. In Tecate Creek, the lack of appreciable nitrification activity is probably caused by the scarcity of these biofilms, as well as by the dominance of heterotrophic organisms that exist because of the high load of organic substances in the stream. Typically, in sewage-dominated effluents, nitrification does not occur until BOD levels become very low (Brehm and Meijering 1990; Jancarkova et al. 1997) .
In Tecate Creek, solid inorganic surfaces are mostly absent, as are aquatic macrophytes. In lowland streams in Germany, self-purification performances remain lower than in mountain streams (Heidenwag et al. 2001 ), but macrophytes in such lowland streams can have there a comparable function as stones and rock debris in upland brooks, because their surface can be settled by periphyton. In Tecate Creek, there were only a few stable habitats, such as big rocks and bars covered with macrophytes, observed on the stream bottom. Even in the case of a (near)-pristine morphological structure, the features of a braided system like Tecate Creek, can set limits on the occurrence of such stable habitats on the stream bed because the sediment is constantly shifting in a natural manner. The resulting friction of the bottom substrate caused by the transposition of sediment in this braided system, may be responsible for the disturbed or missing biofilms.
The toxicity of metals may also strongly disturb the biotic community in streams (Schönborn 1992) . The concentrations of heavy metals found in Tecate Creek are higher (except in the case of Cd) than those levels in freshwater found in natural streams all over the world (Schönborn 1992) . However, our calculations (taking into account site-specific hardness values) show that for nearly all metals (except Ni), levels in Tecate Creek/Rio Alamar never exceeded either the CCC (criterion continuous concentration) which is a four-day average concentration chronic limit for metal pollutants in freshwater, or the CMC (criterion maximum concentration), a short-term concentration acute limit for metal pollutants not to be exceeded. Both of these water quality criteria provide for the protection of aquatic life from acute and chronic toxicity to animals and plants, and from bioconcentration by aquatic organisms (U.S. Environmental Protection Agency 2000) . Even in the case of Ni, which was significantly elevated due to the discharge from a metal-working industrial plant upstream of the WTP2 site on Tecate Creek, the CMC value (1.51 mg/L) was never exceeded, and self purification lowered Ni levels, such that ambient water quality criteria were met (at all times tested) at all sites downstream of Marron Valley. Therefore, at least with regard to the metals we analyzed, toxicity effects to resident species would not be expected.
Conclusions
Our overall analysis shows that while little water quality benefit may be achieved by enhancing the ecomorphological status of Tecate Creek, the introduction of coarse material could help to enhance self-purification. The most immediate improvement in water quality status could be achieved by controlling the discharge of organic pollution from the waste treatment plant and the brewery. This could be done by means of technical sewage treatment systems or with subsurface flow constructed wetlands which are cheaper and more stable in function (Lüderitz et al. 2001 ). In the nearly unsettled area between Tecate and Tijuana a cascade of such wetlands consisting of relatively coarse and stable material could be constructed with moderate efforts. Further research and development is going on to estimate the necessary dimensions of such systems. Self-purification can support such activities but it would not be able to replace them.
